The central black-hole masses of a sample of 30 luminous quasars are estimated using H β fwhm measurements from a combination of new and previously-published nuclear spectra. The quasar black-hole mass estimates are combined with reverberationmapping measurements for a sample of Seyfert galaxies (Wandel, Peterson & Malkan 1999) in order to study AGN black-hole masses over a wide range in nuclear luminosity. The link between bulge luminosity and black-hole mass is investigated using two-dimensional disc/bulge decompositions of the host-galaxy images, the vast majority of which are high resolution hst observations. It is found that black-hole mass and bulge luminosity are well correlated and follow a relation consistent with that expected if black-hole and bulge mass are directly proportional. Contrary to the results of Wandel (1999) no evidence is found that Seyfert galaxies follow a different M bh − M bulge relation to quasars. However, the black-hole mass distributions of the radio-loud and radio-quiet quasar sub-samples are found to be significantly different, with the median black-hole mass of the radio-loud quasars a factor of three larger than their radio-quiet counterparts. Finally, utilizing the elliptical galaxy fundamental plane to provide stellar velocity dispersion estimates, a comparison is performed between the virial H β black-hole mass estimates and those of the M bh − σ correlations of Gebhardt et al. (2000a) and Merritt & Ferrarese (2000) . With the disc geometry of the broad-line region adopted in this paper, the virial H β black-hole masses indicate that the correct normalization of the black-hole vs. bulge mass relation is M bh ≃ 0.0025 M bulge , while the standard assumption of purely random broad-line velocities leads to M bh ≃ 0.0008 M bulge . The normalization of M bh ≃ 0.0025 M bulge provided by the disc model is in remarkably good agreement with that inferred for our quasar sample using the (completely independent) M bh − σ correlations.
INTRODUCTION
The evidence that supermassive black-holes are ubiquitous in nearby inactive galaxies is now extremely strong (eg. van der Marel 1999, Kormendy & Richstone 1995) . Furthermore, several studies have concluded that the masses of these dormant black-holes are directly proportional to the mass of the galaxy bulge (spheroidal) component (eg. Kormendy & Richstone 1995 , Magorrian et al. 1998 . Although a significant scatter is present in the correlation (∆ M bh ≃ 0.5 dex at a given bulge mass), the data appear to suggest that M bh = (0.002 → 0.006) M bulge . While studies of nearby inactive galaxies have seen a reasonably coherent picture emerge, the situation with regard to active galaxies is less certain. Although the black-hole mass relation observed in nearby inactive galaxies can be comfortably reproduced by combined galaxy+quasar formation models (eg. Wilman, Fabian & Nulsen 2000 , Kauffmann & Haehnelt 2000 , observational studies to investigate the form of the M bh − M bulge relation in active galaxies have led to seemingly contradictory results.
In a study of the M bh − M bulge relation in quasars, Laor (1998) used the fwhm of the broad H β emission line, together with a calibration between the broad-line region (BLR) radius and quasar UV luminosity, to obtain virial black-hole mass estimates for 14 PG quasars. Using estimates of the host-galaxy bulge luminosities from the hst study of Bahcall et al. (1997) , Laor found a M bh − L host correlation which agreed reasonably well with the results of Magorrian et al. (1998) . In contrast, Wandel (1999) found that virial black-hole mass estimates for a sample of 17 Seyfert1 galaxies, based on the H β fwhm and reverberation mapping measurements of the BLR radius, were substantially smaller than would be expected from the M bh − M bulge relation seen in nearby inactive galaxies. Using estimates of the Seyfert galaxy bulge luminosities from the empirical morphology-based formula of Simien & de Vaucouleurs (1986) , Wandel found that M bh / M bulge ∼ 10 −3.5 , a factor of between ten and twenty lower than found for both nearby inactive galaxies (Magorrian et al. 1998 ) and for luminous quasars (Laor 1998) .
The implication of the Wandel (1999) result is that there exists a difference in the formation or triggering mechanism at work in Seyfert galaxies and quasars. This possibility is explored by Wang, Biermann & Wandel (2000) who present a model in which M bh / M bulge ∝ σ 1.4 , where σ is the velocity dispersion of the accreting gas. In this model the high values of M bh / M bulge found in quasars and nearby bulges are the asymptotic, high-velocity case, possibly produced by a violent merger event. In contrast, the much lower ratios found in Seyfert galaxies are the result of the accretion of lower velocity gas triggered by tidal disruption.
In this paper the M bh − M bulge relation is examined over a wide range in AGN luminosity by combining new results for a sample of 30 luminous (MV < −23) quasars with a re-analysis of the bulge masses attributed to the Wandel (1999) Seyfert galaxy sample. First, in Section 2 we briefly review the complications and potential uncertainties in deriving black-hole mass estimates from emission-line widths, and explore how best to model the geometry of the broadline region for the purpose of black-hole estimation in AGN. Next, in Section 3 we describe the sample of objects selected for study, present the new spectroscopic observations, and explain how reliable bulge luminosities have been extracted from existing hst images. In Section 4 three important questions are addressed. Firstly, do powerful AGN actually display a M bh − M bulge correlation consistent with that found in nearby inactive galaxies? Secondly, do the apparent differences between Seyfert galaxies and quasars actually stem from fundamental differences between the two AGN classes, or simply from systematic errors in estimating Seyfert bulge luminosities? And finally, do differences in black-hole mass and gas accretion rates play a crucial role in determining the radio properties of AGN? In Section 5 stellar velocity estimates for a sub-sample of the quasars are used to compare our virial H β black-hole mass estimates with those of the M bh − σ relations discovered by Gebhardt et al. (2000a) and Merritt & Ferrarese (2000) . Finally, our main conclusions are summarized in Section 6. Unless otherwise specified all cosmological calculations performed in this paper assume H0 = 50 kms −1 Mpc −1 , q0 = 0.5 and Λ = 0.
THE VIRIAL BLACK-HOLE MASS ESTIMATE
The basic theory of obtaining virial black-hole mass estimates from quasar emission lines has been discussed extensively in the literature (eg. Wandel, Peterson & Malkan 1999 ) and consequently only a brief outline is provided here. The underlying assumption is that the broad emission lines are produced by material which is gravitationally bound and orbiting with keplerian velocities. If this assumption is applicable then an estimate of the central mass is given by M bh = RBLRV 2 G −1 , where RBLR is the radius of the BLR and V is the velocity of the line-emitting material. There are two standard methods of estimating the radius of the broad-line region. The first of these, and presumably the more accurate, is to use the time delay between continuum and line variations. For the sample of Seyfert galaxies studied by Wandel, Peterson & Malkan (1999) and Wandel (1999) , long-term monitoring has provided such reverberation mapping estimates of the radius of the broad-line region. In the absence of reverberation mapping data for the quasar sample it is necessary to use a more indirect estimate of the broad-line radius. The method used here is the correlation between RBLR and monochromatic luminosity at 5100Å found by Kaspi et al. (2000) , from their reverberation mapping results for 17 PG quasars. When converted to the cosmology adopted in this paper, the Kaspi et al. correlation becomes:
The other necessary component for the virial mass estimate is a measure of velocity of the line emitting material. To obtain this, Wandel (1999) adopted the assumption of random orbits, in which case V = √ 3 2
fwhm. However, the assumption of random orbits seems unrealistic for quasars. In particular, for radio-loud quasars where the radio core:lobe ratio provides an independent measure of orientation, there exists strong evidence that the velocity-field of the broad-line region is better represented by a combination of a random isotropic component, with characteristic velocity Vr, and a component only in the plane of the disk, with characteristic velocity Vp (Wills & Browne 1986) .
In this case, the observed fwhm will be given by
where θ is the angle between the disc normal, and the line of sight to the observer. In the case of radio-quiet objects we have no guide as to what precise value of θ should be adopted for a particular object. However, attempts to unify radioloud quasars and galaxies (e.g. Barthel 1989), and imaging polarimetry studies of radio-quiet AGN (e.g. Antonucci & Miller 1985) support a picture in which an active nucleus is likely to appear to the observer as a quasar provided θ < 45
• . In order to test the viability of this disc-model we have attempted to reproduce the form of the cumulative fwhm distribution of the combined quasar+seyfert sample. As can be seen from Fig 1b. , the cumulative distribution of the data is convex in shape. This form of distribution cannot in fact be produced by a single disc model in which the angle between the disc normal and observer's line of sight is assumed to be randomly distributed between θ = 0 and some adopted upper limit θ = θmax. The reason for this is simply that, given a random distribution of theta (and Vp significantly larger than Vr) the cumulative distribution of fwhm grows proportional to solid angle 1 − cos θ.
However, we have found that the form of the observed distribution can in fact be almost perfectly reproduced by a model which includes only one additional free parameter. Specifically we have relaxed the assumption of a purely random distribution of theta for θ < θmax by exploring whether the data can be described by a combination of two randomlyoriented disc-model populations with the same characteristic orbital velocity but different angular constraints. The best-fitting model parameters were found to be Vp = 5500 Figure 1 . The left-hand panel shows the distribution of H β fwhm measurements for the 45 objects in the combined quasar+seyfert sample. The right-hand panel shows the cumulative fwhm distributions displayed by the data (thick line) and that of the disc BLR model discussed in the text (thin line). The two cumulative distributions can be seen to be extremely similar, with the KS test probability of p = 0.99 showing them to be statistically indistinguishable.
• , with the two models contributing 58% and 42% of the combined model distribution respectively. In both cases the model AGN are assumed to lie randomly at angles between 0 < θ < θmax to the line of sight. Although two-component disc-models with non-zero random velocity components and independent orbital velocity components were considered, it was found that the introduction of these extra free parameters did not produce significantly improved fits. The best-fitting model distribution is shown as the thin line in Fig 1b. and can be seen to be an excellent representation of the data, with an application of the Kolmogorov-Smirnov test showing the two distributions to be indistinguishable (p = 0.99). By substituting the fitted model parameters into Eqn 2. it is now possible to determine the average relationship between observed fwhm and actual orbital velocity Vp by calculating < sin θ > as weighted by solid angle. We therefore find that on average Vp = 1.5× fwhm, and it is this relation which is adopted throughout the remainder of this paper.
As can be seen from the best-fitting parameters presented above, the dominant population of objects in this two-component disc model of the BLR is constrained to lie within ∼ 45
• to the line of sight, as expected in the unified model (eg. Barthel 1989). In contrast, the second population of objects is required to lie within a smaller range of angles to the line of sight than is normally assumed in the unified model (ie.∼ 20
• ). However, one can argue that this is entirely reasonable given that the present sample is largely dominated by powerful, optically-selected broad-line AGN. However, it is worth noting the implications of the assumptions in this simple model, and the effect of relaxing them. Due to the fact that the virial black-hole mass estimate is proportional to Vp 2 , the adoption of the standard model in which BLR velocities are purely random (Vp = 0.87×fwhm) leads to black hole mass estimates three times smaller than derived in this paper. Further evidence in support of the appropriateness of the BLR model adopted here is discussed in Section 4.1 and Section 5.
THE SAMPLE, OBSERVATIONS AND DATA REDUCTION
The sample of 30 luminous quasars (MV < −23) studied in this paper consists of two optically-matched sub-samples of 17 radio-quiet quasars and 13 radio-loud quasars. The unique feature of this sample is that all of its members have accurate bulge luminosities available from detailed twodimensional modelling of hst images. Nineteen of the objects are taken from the sample studied by McLure et al. (1999) and , with a further eleven taken from the sample of Bahcall et al. (1997) . This is therefore the best dataset currently available for this type of investigation. The sample of Seyfert galaxies consists of fifteen of the seventeen objects studied by Wandel (1999) . The two objects which are not included, Akn 120 & Mrk 110, have been excluded on the basis that no suitable hst archive data exists for these objects, and that a reliable disc/bulge decomposition could not be identified in the literature.
Nuclear spectra
The new observations presented in this paper consist of nuclear spectra of 13 of the quasar sample which were obtained in December 1999 on the 2.5m Isaac Newton Telescope on La Palma. All observations used the Intermediate Dispersion Spectrograph (IDS) with the 235mm camera and the EEV10 4096 × 2048 pixel CCD as the detector. Integration times on individual objects were ≥ 3000 seconds, with the RV300 grating providing spectra centred on 5800Å with a resolution of ≃ 4.5Å. At the average redshift of the quasar sample (z ∼ 0.2) this ensured that the spectra were always approximately centred on the H β line, with the wavelength coverage of ∼ 4000Å allowing an accurate continuum determination. The reduction of the spectra was performed in iraf in the standard way, including flux calibration, and correction for atmospheric extinction and galactic reddening. The final wavelength calibrated spectra were interpolated onto a linear dispersion of 1.5Å/pix and are shown in Fig 6 .
The H β fwhm measurements for 16/17 of the remaining quasars in the sample are taken from the Boroson & Green (1992) and Corbin (1997) studies. Given that the H β fwhm enters into the virial mass estimate quadratically, it is obviously important that there is no large systematic offset between the two sets of spectra. Fortunately, five of the quasars for which new spectra have been obtained also feature in the Boroson & Green study. For these five objects the fwhm values determined from the new spectra agree well with those of Boroson & Green, ∆fwhm = 10 ± 4%, providing confidence that large variations in measured fwhm values do not introduce large systematic errors into the virial black-hole estimates. The H β fwhm measurement for one final object, 1635+119, is taken from the spectrum of Wills & Browne (1986) .
Host-galaxy bulge luminosities
A substantial effort has been invested in providing accurate estimates of the bulge luminosities for all the objects included in this study. All 30 objects in the quasar sample have bulge luminosities derived from two-dimensional modelling of hst data from the deep host-galaxy imaging studies of and Bahcall et al. (1997) . The addition of the host-galaxy sample means that the number of quasars with reliable bulge luminosities is a factor of two greater than was available to Laor (1998) .
Of equal importance to this study are revised estimates of the bulge luminosities within the Seyfert galaxy sample. The bulge luminosities used by Wandel (1999) were taken from Whittle (1992) and are based upon an application of the Simien & de Vaucouleurs (1986) formula relating bulge/disc ratio to galaxy morphology. As well as the large amount of scatter associated with this empirical formula, it is not clear that it is directly applicable to Seyfert galaxies. Indeed, if a typical early-type colour of B − Rc = 1.6 is assumed, then the bulge magnitudes adopted by Wandel correspond to an average of MR = −22.3 ± 0.2, half a magnitude brighter than the recent determination of M ⋆ R by Lin et al. (1996) . In light of this it seems at least plausible that overestimation of the Seyfert galaxy bulge luminosities may contribute to the lower M bh / M bulge ratios found by Wandel (1999) .
In order to properly quantify the extent to which such overestimates of the Seyfert bulge luminosities can explain the Wandel (1999) result, it is important to obtain bulge luminosity estimates of comparable quality to those of the quasar sample. Suitable quality hst archive data is available for 9/15 of the Seyfert galaxies, predominantly from the large-scale Seyfert galaxy imaging study of Malkan, Gorjian & Tam (1998) . The images of these objects were decomposed into disc and bulge components in an identical fashion to that utilised in the quasar host study of , and details of the modelling technique used can be found in McLure, Dunlop & Kukula (2000) . The remaining six Seyfert galaxies have bulge luminosity estimates taken from the disc/bulge decompositions of Baggett, Baggett & Anderson (1998) and Kotilainen, Ward & Williger (1993) . Although determined from ground-based data, these published bulge luminosities are still expected to be more accurate than a morphology based estimate. The best estimates of the bulge luminosities for the quasar and Seyfert samples are listed in Tables 1 & 2 respectively.
THE BLACK-HOLE MASS VS. BULGE LUMINOSITY RELATION
The black-hole mass vs. bulge luminosity relation for the combined quasar and Seyfert galaxy sample is plotted in Fig 2. The two quantities can be seen to be well correlated, with the rank-order coefficient of rs = −0.66 having a significance of 4.4σ. In order to obtain a reliable fit to the relation, a χ 2 minimization was used which properly accounts for the uncertainties in both the estimated black-hole masses and bulge luminosities (Press et al. 1992) . The best-fitting relation (χ 2 = 64.8 for 45 d.o.f.) is found to be:
and is shown as the solid line in the left-hand panel of Fig 2. In terms of black-hole mass the scatter around the best-fitting relation of σ = 0.59 is large (see Fig 3) , although still comparable to that found by both Magorrian et al. (1998) and Laor (1998) . In contrast to the findings of Wandel (1999) there is no evidence from Fig 2 that the Seyfert galaxy M bh − L bulge relation is different to that of quasars. The removal of this discrepancy is due to the improved estimates of the Seyfert galaxy bulge luminosities use here. As mentioned in Section 3.2, it was suspected a priori that the bulge luminosities adopted by Wandel (1999) were probably overestimated. This suspicion is supported by the mean bulge luminosity derived for the Seyfert galaxies here, MR = −21.0 ± 0.3, which is 1.3 magnitudes fainter than estimated by Wandel (1999) . It appears therefore that the evidence from this data-set supports a straightforward unification of Seyfert galaxies and quasars in which black-hole mass scales with bulge luminosity. In this scenario Fig 2 sug gests that a black-hole mass of ∼ 10 8.5 M⊙ needed to power a luminous quasar requires a host galaxy with a bulge luminosity of MR ∼ −23. This restriction naturally predicts that the hosts of luminous quasars will be predominantly massive early-type galaxies, in good agreement with the findings of recent studies (eg. McLure et al. 1999 , Boyce et al. 1998 ).
Do black-hole and bulge mass scale linearly?
By combining bulge luminosity with a suitable mass-tolight ratio it is possible to test whether or not the observed M bh − L host relation is consistent with a simple linear scaling between black-hole and bulge mass. The mass-to-light ratio adopted here is the M/L ∝ L 0.31 relation determined by Jørgensen, Franx & Kjaergaard (1996) , hereafter JFK96, from their Gunn-r fundamental plane study. Under the assumption that M bh = k M bulge , the M bh − L host relation is expected to have the form:
where the constant −0.66 results from assuming an average bulge colour of Mr − MR c = 0.37 (Fukugita et al. 1995) and an absolute Gunn-r magnitude for the Sun of ≃ 4.65 (Jørgensen 1994) . A relation of this form, with a value of k = 0.006 as determined by Magorrian et al. (1998) fwhm . It is also noteworthy however that the slope of −0.52 expected from a linear M bh − M bulge relation is not inconsistent with the best-fitting value of −0.61±0.08 determined above. Consequently, a least-squares fit of the data was undertaken with an enforced slope of −0.52, and is shown as the dashed line in the right-hand panel of Fig 2. This can be seen to be a reasonable representation of the data, suggesting that the scaling between black-hole and bulge mass is consistent with being linear. The least-squares fit with an enforced slope of −0.52 has a intercept of −3.29 which, when compared with Equ 4, suggests that the constant of proportionality between black-hole and bulge mass is k ≃ 0.0025. It is worth emphasising that this value for the constant of proportionality results, at least in part, from our use of a simple, but realistic disc-like model for the BLR, incorporating the known orientation biases of optically luminous AGN. If instead one simply uses the random orbit relation V = √ 3 2 FWHM, then as discussed in Section 2, the inferred black-hole masses would be ≃ 3 times smaller, yielding the relation M bh = 0.0008 M bulge . This is the origin of the findings of Ho (1999) who studied the M bh − L host relation in a sample 16 Seyfert galaxies (12 of which are common to the sample studied here) using published B-band photometry and virial black-hole mass estimates from reverberation mapping and H β fwhm measurements. Ho found that the reverberation mapping black-hole estimates were lower than expected from the M bh − L host relation, suggesting a value of k ≃ 0.001. Further evidence that simple random-orbit calculations for the BLR lead to systematic underestimation of black-hole mass is discussed in Section 5.
The ionizing continuum luminosity vs. bulge luminosity correlation
Fig 4 shows the correlation between bulge luminosity and continuum ionizing luminosity for the full sample, where we have adopted the relation Lion ≃ 10λL5100 which was found to be the average of a large scatter by Wandel, Peterson Table 1 . Data for the quasar sample. Column three shows the host galaxy absolute R-band bulge magnitudes complete with estimated errors. Objects which are allocated an error of ±0.2 magnitudes are all from the study. Objects which are allocated an error of ±0.75 magnitudes are either highly morphologically disturbed objects from the Dunlop et al. study, or are taken from the Bahcall et al. (1997) study. Column four shows the fwhm of the H β emission line in units of 1000 kms −1 . Column five lists the quasar ionizing luminosity, using the estimate that L ion ∼ 10λL 5100 . Column six lists the black-hole masses in solar units as derived from the H β fwhm and 5100Å continuum luminosity (see text). Column seven lists the quasar ionizing luminosity as a fraction of the Eddington luminosity.
& Malkan (1999) . These two quantities are well correlated (rs = −0.73, 4.85σ), in apparent agreement with the results of the combined Seyfert galaxy and quasar study of McLeod & Rieke (1995) . McLeod & Rieke found a relation between H-band host luminosity and B-band nuclear luminosity in the form of a lower limit, such that MH(host)≥ MB(nucleus). However, it is also noticeable from Fig 4 that the correlation between Lion and L host is entirely dependent upon the low luminosity Seyfert galaxies, with the quasar sample on its own displaying no significant correlation, rs = 0.27, 1.45σ. The conclusion that the correlation between Lion and L host breaks down at higher nuclear luminosities is supported by the results of a study of high-luminosity quasars by Percival et al. (2000) . Although including quasars up to a factor of ten more luminous than those studied here, Percival et al. find very similar host galaxy luminosities. The suggestion is therefore that high luminosity quasars operate at higher accretion rates, rather than harbouring significantly more massive black-holes.
The correlation between Lion and L host amongst the Seyfert galaxies raises the possibility that the observed correlation between M bh and L host could in fact be simply due to independent correlations with Lion. In order to investigate this possibility the partial Spearman rank correlation test (Macklin 1982) has been used to quantify the correlation between M bh and L host , independent of Lion. The correlation between M bh and L host at constant Lion has a coefficient of rs = −0.28 which has a significance of 1.9σ. Therefore, although the M bh and L host correlation is still clearly present, its significance is substantially lowered. Unfortunately, due to the heterogeneous nature of the sample of Seyfert galaxies which currently have reverberation mapping data available, it is difficult to quantify properly the significance of the M bh − L host relation. In order to overcome this problem, a substantially larger sample of AGN is required, selected from a narrow slice in both nuclear luminosity and redshift. Table 2 . Data for the Seyfert galaxy sample. Column three shows the absolute R-band bulge magnitudes complete with estimated errors. Objects whose host galaxies have been modelled for this paper have been allocated an error of ±0.75 magnitudes. Objects whose bulge luminosity has been taken from the literature have been allocated an error of ±1.0 magnitudes. Column four shows the virial black-hole mass estimates based on reverberation mapping and mean H β fwhm measurements from Kaspi et al. (2000) and the disc model of the BLR discussed in the text. Column 5 gives details of how the bulge luminosities were determined. For those objects for which we present new bulge/disc decompositions from hst archive data we have also listed the ID number of the hst proposal from which the data were taken. 
Black-hole mass and unification
The black-hole mass estimates for the 17 radio-quiet and 13 radio-loud quasars studied here provide an opportunity to determine the influence (if any) of black-hole mass on quasar radio luminosity. The ionizing continuum luminosity distributions of the two quasar sub-samples are indistinguishable, with a Kolmogorov-Smirnov (KS) test returning a probability of p = 0.18 that both sub-samples are drawn from the same underlying distribution. Consequently, any difference in the distribution of black-hole masses between the two sub-samples is presumably linked to the difference in radio properties.
With the results of Section 4.1 showing that AGN blackhole and bulge masses are consistent with being directly proportional, it is expected that the 0.77 magnitude difference in median bulge luminosity between the quasar sub-samples should translate directly into a corresponding difference in average black-hole mass. This is indeed the case, with the median black-hole mass of the radio-loud sub-sample a factor of three larger than that of the radio-quiet sub-sample. A natural division between the quasar sub-samples appears to occur at M bh ∼ 10 8.8 M⊙. Only 2/13 of the radio-loud quasars have M bh < 10 8.8 M⊙, while only 4/17 of the radioquiet have M bh > 10 8.8 M⊙. This difference in black-hole mass distributions is shown to be significant at the 2.9σ (p = 0.004) level by a KS test. The implication from the quasar sample is therefore that (albeit with substantial overlap) for a given nuclear luminosity, the probability of a source being radio-loud increases with black-hole mass, or alternately decreases with Lion/L Edd .
Fig 5 shows a plot of estimated ionizing luminosity vs. black-hole mass, together with lines indicating the location of objects radiating at 100%, 10% and 1% of the Eddington limit. Two aspects of this figure are noteworthy. Firstly, it can be seen that the vast majority of the objects appear to be radiating in the range 5 → 30% of the Eddington limit, with a mean value of Lion/L edd = 0.15. This is despite the fact that the sample spans a range in ionizing luminosity of four orders of magnitude, and is in contrast to the results of Wandel, Peterson & Malkan (1999) and Kaspi et al. (2000) who both find that the Lion/L edd ratio increases weakly with continuum luminosity. Secondly, there appears to be no evidence that the Seyfert galaxies are operating in a different accretion regime to the quasars, contrary to the finding of Lu & Yu (1999) . However, it should also perhaps be noted that differences between the UV spectra of Seyfert galaxies and quasars could well mean that a global correction of the form Lion = 10λL5100 is inappropriate.
THE NORMALIZATION OF THE
In this section the possibility of calibrating the virial H β fwhm black-hole estimates, by taking advantage of the remarkably small scatter in the recently discovered M bh − σ correlation, is explored. Considering that H β fwhm measurements can be obtained with relative ease for powerful AGN, in comparison with determining the host-galaxy stellar velocity dispersion, this is a question of some interest. Although stellar velocity measurements are not available for the quasar sample, a comparison is still possible for the 19 objects which are taken from the host-galaxy study of McLure et al. (1999) and . One of the main successes of this study was the first demonstration that the massive elliptical host galaxies of these quasars follow an identical Kormendy relation (µe − re) to normal inactive ellipticals. Therefore, because the Kormendy relation is simply a projection of the fundamental plane that elliptical galaxies occupy in the three dimensional space defined by (re, σ, Ie), it is possible to use the re & Ie data for these objects to estimate their stellar velocity dispersions. The fundamental plane parameters adopted here are those determined for the Coma cluster by JFK96: log re = 1.31 log σ − 0.84 log < I >e −0.0082
Although there is evidence that the form of the fundamental plane changes with redshift, the form of this evolution (∆ log(M/L) = −0.26∆z; Jørgensen et al. 1999) should not introduce significant errors at the average redshift of the quasar sample (z ≃ 0.2). Due to the disagreement over what the correct form of the M bh − σ relation is, both the M bh ∝ σ 3.75 (Gebhardt et al. 2000a ) and M bh ∝ σ 4.72 (Merritt & Ferrarese 2000) versions of the relation have been used to convert the velocity dispersion estimates into black-hole masses. In both cases the M bh − σ relations predict black-hole masses which are in remarkably good agreement with our virial H β estimates, with median M bh (σ)/ M bh (H β ) ratios of 1.04 & 1.31 for the Gebhardt et al. and Merritt & Ferrarese relations respectively. The clear implication of this comparison is that the use of a disc-like BLR, combined with limits of disc orientation relative to the observer, has led to reliable virial H β fwhm estimates of black-hole mass. In contrast, the standard assumption of purely random BLR velocities lead to virial H β fwhm black-hole mass estimates which appear to be systematically low by a factor of 2 → 3.
A similar systematic problem with the assumption of random orbits was alluded to by Gebhardt et al. (2000b) when they compared (random orbit) virial black-hole mass estimates, based on reverberation mapping and H β fwhm measurements, with velocity dispersion black-hole masses for a sample of seven Seyfert galaxies (five of which are common to the sample studied here). Although Gebhardt et al. (2000b) concluded that the discrepancy between the two black-hole mass estimates was not significant, they did comment that an increase in the reverberation mapping estimates by a factor of ≃ 2 would improve the agreement.
Finally, in further support of the relation M bh ≃ 0.0025 M bulge derived from our H β fwhm analysis, we note that Gebhardt et al. (2000b) also comment that new three integral models show that the black-hole masses originally determined by Magorrian et al. (1998) were overestimated by a factor of ∼ 3, again leading to the conclusion that M bh ∼ 0.002 M bulge .
CONCLUSIONS
The black-hole masses for a sample of 30 optically-matched radio-loud and radio-quiet quasars have been estimated using H β fwhm and continuum luminosity measurements from new and previously published nuclear spectra. Reliable quasar bulge luminosities have been combined with new and published disc/bulge decompositions for a sample of Seyfert galaxies with reverberation mapping black-hole estimates, in order to study the form of the M bh − L host relation over a large baseline in AGN luminosity. The results of the H β black-holes mass estimates have been compared with the M bh − σ correlation in an attempt to check the normalization of the M bh − M bulge relation. The main conclusions of this study can be summarized as follows:
(i) Host-galaxy bulge luminosity and black-hole mass are found to be well correlated, albeit with scatter of 0.6 dex in M bh . Assuming a simple but realistic disc-like geometry for the BLR, coupled with limits on viewing angle for opticallyluminous AGN, the form of the L host − M bh correlation is shown to be consistent with M bh ≃ 0.0025 M bulge .
(ii) Contrary to the results of Wandel (1999) no evidence is found that Seyfert galaxies follow a different M bh − L host relation to quasars. The results presented here suggest that unification of Seyfert galaxies and radio-quiet quasars via a simple scaling in black-hole mass is tenable.
(iii) A comparison of the virial black-hole estimates based on H β fwhm measurements with those predicted by the M bh − σ relation suggests that our H β black-hole estimates are, on average, accurate to within a factor < 1.5. These two, completely independent approaches to black-hole mass estimation both support a black-hole mass vs. bulge mass relation of the form M bh ≃ 0.0025 M bulge .
(iv) The distribution of black-hole masses in the radioquiet and radio-loud quasar sub-samples are found to be significantly different (p = 0.004), with the median radioloud black-hole mass a factor of three larger than the equivalent radio-quiet value. It appears that, for some reason, a radio-loud quasar requires a black-hole mass > 6 × 10 8 M⊙.
Finally, perhaps the most important conclusion resulting from this study is that easily obtainable AGN nuclear spectra can be be used to provide black-hole mass estimates which are accurate to within a factor of < 2. It is therefore possible that large-scale studies of AGN black-hole demography can be undertaken without the need for more demanding and time-intensive stellar velocity dispersion measurements.
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